Abstract-We report here a demonstration of depthresolved optical imaging based on optical sampling by cavity tuning (OSCAT). Both optical coherence tomography and three-dimensional surface mapping are performed using an OSCAT imager. Limitations on axial resolution and pulse repetition-rate stability are discussed and viable solutions are provided. Compared with other ultrafast laser-based schemes, such as asynchronous optical sampling, OSCAT provides a simple, cost-effective solution for rapid, large-depth noninvasive imaging.
the OCT axial scan rates to hundreds of KHz or even above 1 MHz. Typically, the spectral-domain methods suffer a sensitivity roll-off due to depth-dependent sensitivity loss and mirror-conjugate images [15] , which limit the total imaging depth to a few millimeters [12] [13] [14] , [16] . However, recent advance in short-cavity MEMS-VCSEL has dramatically mitigated this limitation, achieving imaging depths as large as tens of centimeters [17] , [18] .
Meanwhile, novel approaches based on ultrafast lasers and optical frequency combs have opened a new avenue toward high-speed, large-depth TOD [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . Asynchronous optical sampling (ASOPS), for example, employs two femtosecond lasers with slightly detuned repetition rates and has demonstrated scan of optical delay as fast as 100 kHz with total scan ranges up to 30 cm at 10-kHz [20] . ASOPS-based OCT has achieved an imaging depth of 150 mm at an acquisition rate of several kilohertz [21] . Despite these improvements, ASOPS suffers a major drawback as it requires an additional femtosecond laser and a complex phase lock system to keep the two lasers in accordance, which add significant cost and complexity to the scheme.
To address this problem, an alternative scheme called optical sampling by cavity tuning (OSCAT) has recently been developed [23] [24] [25] [26] [27] [28] [29] . OSCAT aims to use one single femtosecond laser to attain similar tunable pulse relative delays as in ASOPS. The method is to add an intra-cavity modulation to tune the pulse repetition rate and let the produced pulse train go through an interferometer with highly mismatched arm lengths. The combination of the repetition-rate modulation and the path-length mismatch, as has been shown previously [24] , [28] , creates a scan of the relative pulse delay at the rate of the modulation. In essence, OSCAT still relies on mechanical tuning -the change of repetition rates is typically realized by varying the laser cavity length through intra-cavity piezo-electric (PZT) actuators. However, compared to the conventional mechanical delay lines, these PZT actuators have much wider bandwidths. In fact, intra-cavity PZT tuning as fast as 180 kHz has been demonstrated [30] . Moreover, it has been shown that a small variation of the cavity length may lead to a large relative pulse delay at the output of the interferometer, and this "magnification" factor can be as large as 10 3 -10 4 [28] . In other words, a 10-μm PZT displacement can produce the same tuning range as a centimeter-scale optical delay line. These features make OSCAT a cost-effective solution for those applications that demand rapid, large-depth TOD.
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. targets [28] , [31] . Here, we show that OSCAT can also be used as an imaging tool to produce DROI. The motivation is to take advantage of the potentially very large (cm scale) scan depth of OSCAT, which complements the shortcomings of most time-domain and spectral-domain methods currently being used. Extending the imaging depth could open up a broader range of applications for DROI. For example, industrial process control systems often require in situ knowledge of multi-phase (i.e. gas, liquid and solid) flow inside pipelines, which is currently measured using electrical tomography methods with very poor spatial resolutions [32] , [33] . Optical tomography capable of reaching enough depth could drastically improve the spatial resolution. Other DROI applications, such as 3D surface profiling, can also benefit from the extended imaging depth [6] .
II. EXPERIMENTAL SETUP
The system layout of our OSCAT imager is shown in Fig. 1 . A femtosecond fiber laser (MenloSystems M-Comb) generates a near-IR (1560 nm) pulse train with a repetition rate of 250 MHz. An intra-cavity translation stage provides coarse tuning of the repetition rate by up to 2.5 MHz, and a high-speed PZT actuator, with a bandwidth of 20-kHz, allows the repetition rate to be rapidly dithered by as much as 3.55 kHz peak-to-peak. The Mach-Zehnder interferometer has two fiber arms with a length difference of 1.39 km. The long arm consists of a 1.25-km single-mode fiber followed by a 142-m dispersion compensating fiber. The optical power coupled into the long arm is about 0.5 mW and an exit pulse width of about 500 fs has been measured. The pulses from the shorter arm are launched into free space by a collimator and then focused onto the sample, which is situated on a two-axis translation stage. The stage is driven by two stepper motors controlled by a computer to make transverse scans. Light reflected off the sample is collected by the collimator and rerouted by a circulator. It is then combined with the beam from the long arm on a 2×2 coupler and coupled into a balanced photodetector. The detector probes the cross-correlations produced by the two pulse trains and a data acquisition system record the scan traces. Pulses from the long arm and the short arm are optimized separately with dispersion compensation. The resulted cross-correlation trace has a full width at half maximum (FWHM) of roughly 700 fs. To operate our OSCAT imager, we first find the cross-correlation signal from a reference surface, which is typically a known flat surface such as the substrate of the sample. This is done by sweeping the intra-cavity stage and hence scanning the repetition rate across a relatively large range. Once this reference point is found, we fix the stage and modulate the intra-cavity PZT actuator to perform the A-scan. The maximum relative pulse delay is related to the repetition rate modulation by l d = ( f R / f R0 ) l i , where l d is the pulse delay in terms of free-space length, f R is the peak-to-peak variation of the repetition-rate, f R0 is the nominal repetition rate, and l i is the arm-length mismatch of the interferometer. In our case, f R = 3.55 kHz, f R0 = 250 MHz, and l i = 1.39 km, which yields l d = 1.97 cm. In other words, our OSCAT system is able to map structures about 1 cm deep in free space (considering round trips), which has been demonstrated in an earlier experiment [28] . This depth can be further extended by either increasing the arm-length difference l i or increasing the ratio f R / f R0 . Fig. 2(a) shows a typical A-scan trace when a stack of 20 glass plates is used as the sample. Its axial scale has been converted from time delay (s) into depth (mm) following a similar calibration algorithm as detailed in [28] . Each plate has a nominal thickness of about 200 μm, which is clearly resolved by the cross-correlation peaks. The sample is then shifted transversely while the A-scan is being made, resulting in a cross-sectional image of the glass plate stack shown in Fig. 2(b) . A total imaging depth of 4 mm in glass is achieved in this case. The wavy line shape is mainly due to the instability of the pulse repetition rate of the femtosecond laser. To show the versatility of our imaging scheme, we have tried different types of samples. For example, Fig. 2(c) is an OCT image of a multi-phase system consisting air, oil and water. The two interfaces between air and oil (top) and oil and water (middle) are clearly revealed by the imager. A more complex example is shown in Fig. 3 . This is the cross-sectional structure of a plastic packing bubble foam. The foam is placed on top of a glass substrate, whose upper boundary is seen here as the continuous straight line at the bottom of the image. Two bubbles can be seen in the image (one of them is partially shown). The curvy shapes of their top layers are clearly sketched out by the scans. Since the vertical walls of the bubbles do not produce A-scan signals, dashed guiding lines are added to help readers picture the shapes of the bubbles. An air gap of about 0.5 mm is seen between the bottom of the foam and the glass substrate. The bottom sheet of the foam has a double-layer structure, which is clearly resolved by the imager. The minimum gap between the two layers is estimated to be about 100 μm.
III. RESULTS AND DISCUSSION
Another important application of DROI is remote 3D surface profilometry. Combining the A-scan and a two-axis transverse scan, we have mapped the letter "H" on a UAH key chain into a 3D profile, as shown in Fig. 4(a) . The key chain, which is pictured in Fig. 4(b) , is mounted flat on the two-axis translation stage, and is about 5 cm away from the beam-focusing lens. The transverse scans produces an 80×72 mesh with an increment of 250 μm, and an A-scan is performed at each point on the mesh. For simple surface profiling, only the depth information is extracted from each A-scan and that leads to a 2×2 matrix of surface height and the 3D graph shown in Fig. 4(a) . The sub-100-μm indent of the letter is clearly mapped out by the imager.
Two aspects about OSCAT-based DROI worth further discussion. First, the axial (or depth) resolution critically depends on the width of the pulse cross-correlation. Since the pulses from the long arm have to travel through a km-scale fiber link, dispersion compensation is crucial for maintaining a reasonable axial resolution. In our case, a simple linear dispersion compensation using dispersion compensating fibers results in a measured correlation FWHM of about 700 fs, and our imager has demonstrated the capability to resolve features as small as 100 μm. Further increase in resolution would require second-and third-order dispersion compensations, which nowadays can be routinely performed with prism-or grating-based compensators. Ultimately, the pulse width is limited by the laser. With today's femtosecond laser technology, a 10-fold improvement of axial resolution should be readily attainable. Second, a slow drift of the repetition rate is observed in our measurements, and it is attributed to the drift of the intra-cavity stage and the fluctuation of cavity length due to temperature variations. This repetition rate drift causes an artificial shift of the cross-correlation position, which is indistinguishable from the shift caused by the sample. In our data processing, the effect of this shift is removed by aligning the reflected signals from a flat reference plane (e.g., a glass surface) in all A-scan traces. Practical systems can employ an active repetition-rate control system that drives the intra-cavity stage to eliminate this slow drift. The bandwidth of this active control system will have to be much lower than the PZT modulation frequency so that the active control does not interfere with the fast repetition-rate modulation.
IV. CONCLUSION
In summary, we report a proof-of-principle study of OSCAT-based DROI and show that OSCAT can be a versatile technique for a breadth of imaging applications such as OCT and 3D surface profilometry. Key performance-limiting factors are discussed and feasible solutions are provided. Our scheme can serve as a cost-effective alternative to existing DROI techniques.
